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Introduction 
Electrical resistivity of concrete plays an important role in 
the assessment of the condition of concrete structures and 
the state of corrosion protection for reinforcement [1-4]. 
Concrete resistivity as parameter has also been employed to 
indicate concrete deterioration state. Water in concrete 
plays the media for free ions transfer, such as chloride. For 
the reason, the total water content, the chloride 
concentration in pore water, and concrete pore structure are 
the three factors of the primary interest in the concern of 
concrete electrical resistivity. Understanding the 
relationship between concrete resistivity and these factors 
receives a long standing attention in the research of 
concrete durability [5,6]. 
 Cathodic protection (CP) has been proved the most 
effective technique for concrete reinforcement corrosion 
protection [7]. Meanwhile numerical modelling has become 
an important tool in CP design and operation analysis [8-
10]. The modelling of the CP process operated on 
reinforced concrete structures is generally based on the 
Nernst-Planck equation and the Ohm’s law [11]. To solve 
the governing equations, concrete electrical resistivity as a 
material parameter is required. On the other hand, concrete 
resistivity directly influences the corrosion process of steel 
reinforcements by controlling the corrosion potential and 
the corrosive current [12]. As result, to accurate estimate 
the concrete resistivity at varied environmental conditions 
is important for the assessment of the CP protection for the 
reinforcement in concrete. 
 Although a large number of experimental work have 
already been reported on concrete electrical resistivity 
[13,14], the characterization of the relationship between the 
electrical resistivity and concrete condition is still open to 
discussion. There hasn’t had a universal model which is 
able to describe the coupled effects of all these influencing 
factors and in general applicable for a wide range of 
applications. As an effort to address the challenge, this 
paper reports an experimental study and mathematical 
characterisation work on concrete electrical resistivity to 
investigate three major influencing factors, including, water 
saturation, chloride content and porosity, and a case study 
to use the characteristic model in a numerical modelling of 
CP for a reinforcement concrete structure exposed to costal 
conditions. 
Experiments 
Locally produced Portland limestone cement, CEM II/A-
LL conforming to the British standard BS EN 197-1: 2011, 
was used for the concrete mixes at 390 kg/m3. Natural sand 
of the maximum size of 4.75mm and a relative density of 
2.47 was used for the fine aggregate at 580 kg/m3. The 
coarse aggregate was the limestone of 10mm maximum 
size and 2.49 specific gravity and used at 1125 kg/m3. The 
mix of concrete followed the British standard, BS 1881-
125:2013. 
 Four different chloride contents were prepared by 
adding NaCl in the mix water. The added chloride contents 
are 0, 1.5, 3 and 4.5% of the cement mass, respectively. 
Three water to cement ratios (w/c) were used for each 
chloride content. They are 0.4, 0.5 and 0.6, respectively. All 
the casted concrete samples were cured by submerged in 
the water of the same chloride content as that used for their 
mixes. Such fully saturated curing method aims for an even 
distribution of chloride in the concrete and therefore makes 
  
the test results more reliable. The actual chloride content 
(both total and free) in the concrete specimens were 
specifically measured after curing following the standards 
(ASTM C1218/C1218M & ASTM C1152/C1152M). For 
each mix, three specimens were prepared for each property 
measuring, and the final result took the average of the 
triplicate measurements. 
 Concrete cubes of the size of 100mm×100mm×100mm 
were cast as shown in the Fig. 1. Both internal and external 
electrode methods, as illustrated in Fig. 2, were adopted in 
order to compare the reliability of measurements, and two 
different electrode materials were compared, they were 
carbon fibre fabric and copper plates, respectively.  
  
Fig. 1. The design of the specimens of internal electrodes.  
 
 
Fig. 2. Internal and external electrodes. 
 In the test, fully saturated samples were measured at 
first. Later, to obtain the condition of different uniformly 
distributed water contents, all the samples of different 
chloride contents were put in environmental chambers of 
three controlled relatively humidity (RH) values, which 
were 35%, 60% and 80%, respectively. These samples were 
kept in the chambers of a controlled temperature of 21C 
for 3.5~5 months’ time until no weight change observed 
(<0.001g) and then they were taken out to measure the 
electrical resistivity. After the measurement of the electrical 
resistivity at three different water contents corresponding to 
the three controlled RH values, all these samples at last 
were put in an oven of a controlled temperature of 100±5°C 
until reached a stable dry condition, and then were 
measured again for their electrical resistivity. The water 
content for each condition was measured using the 
weighing method. 
 The influence of applied AC frequency on the 
electrical resistivity measurement was evaluated in a range 
from 1 Hz to 10 kHz. In theory, the most suitable frequency 
should produce the lowest resistance [15]. In addition, the 
influence of the applied voltage value has also been 
investigated in a range of 1~6V in an interval of 1V. The 
identified optimum frequency and voltage were later used 
for all the tests in this study. 
 
Results and discussion 
It was noticed that chloride content has a neglectable effect 
on the porosity (the ratio of fully saturated water volume to 
concrete volume) of the prepared samples when compared 
with water to cement ratio. Table 1 gives out the measure 
average porosity of all the concrete samples using the same 
w/c.  
Table 1. The measured average porosity of samples. 
w/c 0.4 0.5 0.6 
Porosity 0.16 0.19 0.21 
 
 Fig. 3 shows the influence of the AC frequency on the 
electrical resistance measured on the chloride free 
specimens and the specimens of the highest Cl content (3% 
NaCl). It can be seen that using carbon fibre internal 
electrodes, the variation of the measurements in the range 
of the AC frequencies is the smallest almost unchanged 
particularly for the mix of 3% NaCl. This can be explained 
due to the improved contact between the electrode and 
concrete which helps to reduce the extra polarization at 
their interfaces. Meanwhile Cl ions also reduce the 
interfacial polarization as well. 
 
Fig. 3. Influence of AC frequency. 
 
 Fig. 4 shows the measured water contents (water 
weight percentage in term of the weight of concrete sample) 
exposed to different RH conditions. 
 
Fig. 4. Water content vs RH. 
 Fig. 5 shows the measured electrical resistivity of 
chloride free concrete at different water contents and their 
corresponding pore water saturation degrees (the ratio of 
the water content at unsaturated states to the water content 
at fully saturated state), respectively.  It can be been noticed 
that concrete electrical resistivity decreases sharply and 
nonlinearly with the increase of the water content. There is 
a single unique relationship between electrical resistivity 
and water content, which looks independent from the 
  
  
porosity. However, the porosity effect on electrical 
resistivity can be clearly demonstrated in the relationship 
between the electrical resistivity and the pore water 
saturation degree. 
 
Fig. 5. Water effect on the resistivity of chloride free specimens. 
 
 Fig. 6 shows the measured electrical resistivity of the 
concrete samples of different chloride contents at fully 
saturated state. It shows that the electrical resistivity 
decreases considerably with the increase of chloride 
content. At the high w/c or porosity, the electrical resistivity 
decreases almost linearly with the increase of chloride 
content. As the w/c or porosity decreases, this relationship 
gradually deviates from linearity. The porosity or w/c 
influence becomes much smaller when the free chloride 
content is beyond the 0.35%. 
 
Fig. 6. Chloride effect on the resistivity of saturated specimens. 
 
Data characterization 
Fundamentally, the pore water in concrete acts as the solely 
media for electrical conductivity. In addition to absolute 
water quantity, the water distribution in concrete pore 
network plays an important role in deciding the electrical 
conductivity as well. The water distribution or 
configuration at varied pore water saturation degree 
depends upon the pore size distribution. As a result, the 
influence of water content on electrical conductivity or 
resistivity is intrinsically related to concrete pore size 
distribution. On the ground, we adopted a water retention 
characteristic model ever proposed [16], and revised it to 
characterise the relationship between electrical resistivity 
and concrete water saturation:  
𝜌𝑐 = 𝑓0 + 𝜌0[𝑒𝑥𝑝(𝛼𝑆𝑤) + 𝑒𝑥𝑝(𝛽(1 − 𝑆𝑤))]                      (1) 
where c is concrete resistivity, Sw is pore water saturation, 
f0, ρ0, α and β are four constant parameters. 
 To characterise the coupled effect of the water and 
chloride contents on concrete electrical resistivity, an 
exponential form function was employed to weigh the Eq. 
(1) and generates a model below [17]: 
𝜌𝑐 = exp⁡(𝑎𝐶𝐶𝑙
𝑏)(𝑓0 + 𝜌0[𝑒𝑥𝑝(𝛼𝑆𝑤) + 𝑒𝑥𝑝(𝛽(1 − 𝑆𝑤))])      (2) 
where CCl is the chloride content in concrete; a and b are 
two new constant parameters. Fig. 7 shows the results using 
the Eq. (2) to fit all the experimental data obtained before. 
Both visual inspection and fitting statistics have showed 
that Eq. (2) presents a good representation for all the 
experimental measurements. 
 
 
Fig. 7. Modelling the coupling effect of water and chloride contents on 
concrete resistivity. 
Application in cathodic protection modelling 
The transportation model takes account of the most major 
mechanisms involved [11,18]. In terms of the ionic 
concentration in pore water, the governing equations for the 
ions in concrete pore solution can be expressed as:  
𝜏2
𝜕
𝜕𝑡
(𝐶𝑖 + 𝑆𝑖) = 𝑧𝑖𝛻 [𝐷𝑖 (
𝐹
𝑅𝑇
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   &   ∇𝐼 = 0                                                     (5) 
𝑣 = ⁡−𝐷𝑤∇𝑆𝑤                                                             (6) 
where   is the tortuosity of pore network, Ci is the 
concentration of ionic species i, in concrete pore water, t is 
time, Sw is pore water saturation, Si is the concentration of 
ionic species in concrete solid phase but in terms of the pore 
water volume, zi  is its charge number, F is the Faraday’s 
constant, R is gas constant, T is kelvin temperature, Di is the 
diffusion coefficient of ions in pore water,  is the local 
  
electrostatic potential in pore water and v is the superficial 
velocity of bulk pore water in concrete, n is the total number 
of ionic species in concrete pore water. Eq. (5) is the ohm’s 
law and local neutral electrical condition, where I is the 
electrical current density applied externally on the concrete 
such as in case of cathodic protection.  is external applied 
electrical potential and c is the concrete electrical 
resistivity, which will be defined by Eq. (2). Eq. (6) 
describes pore water diffusion in concrete, Dw is hydraulic 
diffusivity [18,19]. 
 Eqs. (2)-(6) now are applied to simulate a bridge 
column standing in seawater as shown in Fig. 8. The 
column is exposed to repeated wetting and drying condition 
in tidal zone and reinforcement under cathodic protection 
with applied current density of 30mA/m2. 
 
  
Fig. 8. (a) Columns in seawater, (b) a numerical model. 
 
 Fig. 9 shows the modelling results. It shows that the 
model works well, which provides a quantitative 
assessment for the effect of the applied CP current density 
to prevent chloride ingress deep into concrete to reach the 
position of reinforcement. 
 
 
  
Fig. 9. Concrete condition after 1 year exposure. (a) Water saturation 
profile, (b) Chloride profile without CP, (c) Applied CP current 
distribution, (d) Chloride profile with CP. 
 
Conclusion  
This paper presents an experimental study on the effect of 
water and chloride content and porosity on concrete 
electrical resistivity. It highlights that water and chloride 
are two major factors influencing concrete electrical 
resistivity. Meanwhile the effect of porosity presents 
obvious when water content is expressed in terms of pore 
water saturation degree. A characteristic model 
successfully represents the relationship of the resistivity to 
these factors. A case study has demonstrated the use of the 
model in the numerical modelling for a real world 
application – reinforcement cathodic protection for 
concrete structures exposed to a typical environmental 
condition. 
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